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Various defined and minimal media are described for the growth of Clostridium
sporogenes NCIB 8053. The organism requires 10 amino acids and one vitamin for
growth, whilst three other vitamins are growth stimulatory. L-a-hydroxy acid ana-
logues can replace eight, and fatty acid analogues four, of these amino acids. The
organism may generate free energy by a variety of Stickland reactions. Most Stick-
land acceptors, but not glycine, stimulate the growth of this organism on glucose.
Nonetheless, cells grown in the presence of glycine will reductively deaminate it. The
media described support the growth of several other strains of this species. The
simplified growth media which we have developed permit quantitative studies of the

physiology of this organism.

Proteolytic clostridia are a major causative
agent of the spoilage of canned foods at neutral
and slightly acidic pH, as this genus can form
heat-resistant spores (Frazier & Westhoff 1978).
Clostridium sporogenes in particular has been
studied in this respect, not least because of its
similarity to proteolytic, toxin-producing strains
of Cl. botulinum. Nonetheless, most studies have
concentrated upon the physical and chemical
factors modulating the heat resistance, survival
and germination of spores (e.g. Anema & Geers
1973; Frazier & Westhoff 1978).

It has been known since the 1930s that CL
sporogenes is a proteolytic organism, in that it is
capable of growth in media containing no car-
bohydrates (although these stimulate growth),
and that, by inference, the organism is capable
of obtaining the free energy required for growth
by the utilization of amino acid mixtures alone.
The fermentation of amino acids was first inves-
tigated by Stickland (1934), who discovered that
certain pairs of amino acids may be trans-
formed, and proposed that this type of reaction,
which now bears his name (Nisman 1954;
Barker 1961, 1981; Seto 1980), was the source of
free energy for growth. Stickland (1935a,b) used
washed cell suspensions to demonstrate that

proline and glycine were reduced in the presence
of other ‘donor’ amino acids or appropriate
redox dyes, and that several other amino acids
(alanine, valine, leucine and isoleucine) could be
oxidized in the presence of oxidized dyes or the
‘acceptor’ amino acids proline or glycine.

Work by Quastel (cited by Mamelak &
Quastel 1953) and by Nisman (1954) showed
that the NAD/NADH couple played an impor-
tant role as an intermediary electron carrier.
The oxidation of amino acids is believed to
occur by transmination to keto acids, which are
then decarboxylated to form fatty acids, whilst
free energy is thought to be conserved by sub-
strate level phosphorylation via fatty acid kinase
reactions (Nisman 1954; Barker 1961). The
reducing equivalents so generated are used to
reduce amino acids such as glycine, proline,
ornithine and phenylalanine, reactions which, at
least in the case of glycine (see Seto 1980), have
also been shown to be coupled to phos-
phorylation. Bader et al. (1982) have confirmed
and extended these findings in a recent study
using Cl. sporogenes. Yet despite the above, few
studies have been performed to assess the quan-
titative significance of these metabolic pathways
to the growth of, and free energy conservation
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in, Cl. sporogenes since most studies have been
carried out in complex media, an approach
which severely hinders the interpretation of
physiological experiments.

The nutritional requirements of Cl. sporo-
genes additional to those involved in energy
generation have been studied qualitatively by
several workers (Fildes & Richardson 1935;
Schull er al. 1949; Campbell & Frank 1956; Bel-
okopytov er al. 1982; Monticello et al. 1984).
However, quantitative data on these require-
ments are still lacking. Qualitatively, most
strains examined require between eight and 11
amino acids (Campbell & Frank 1956; Belo-
kopytov et al. 1982), in addition to those partici-
pating in the Stickland reaction. Several vitamin
requirements, including biotin, folate, p-amino
benzoate, thiamine and nicotinate have also
been demonstrated (Schull & Peterson 1948;
Campbell & Frank 1956; Belokopytov et al.
1982), as has a requirement for several metals
(Costilow 1977). Carbon dioxide has also been
shown either to be required or to stimulate the
growth of this organism (Gladstone et al. 1935).

Before undertaking a quantitative study of
the physiology of strain NCIB 8053 in chemos-
tat culture, and motivated also by an awareness
of the possible biotechnological importance of
this genus in microbial biotransformations
(Morris 1983), we sought to develop defined
minimal media for the growth of the organism.
The purpose of the present paper is therefore to
report the nutritional requirements of Cl. sporo-
genes NCIB 8053 and the Stickland reactions
which it undertakes. An accompanying paper
{Lovitt et al. 1987) describes in more detail the
metabolism and growth energetics of this
organism when glucose is the carbon and elec-
tron source.

Materials and Methods
CHEMICALS

These were obtained from Sigma unless other-
wise stated. Water was deionized and doubly
distilled in an all-glass apparatus.

SOURCE AND MAINTENANCE OF
ORGANISMS

Clostridium sporogenes strains 532, 8053 and
10697 were obtained from NCIB as {reeze-dried
cultures. Cultures were resuscitated on Rein-
forced Clostridial Medium (RCM, Lab M) in

both broths and plates (containing 1-5% w/v
agar). The organisms were freeze-dried in horse
serum for long-term storage and were regularly
subcultured on RCM, tryptone (0-5%)-yeast
extract (0-3%})-glucose (0-5%) and EAA/FA-
glucose medium (see below) at 37°C. Viable cul-
tures could be maintained for over 2 months
when stored at 4°C.

MEDIA

All media were based upon a low phosphate
basal medium (LPBM) of the following com-
position (g/1): KH,PO,, 2:0; K,HPO,, 2-0;
MgCl,.6H,0, 02; (NH,),SO,, 50; 10%
NaHCO,, 25ml added after sterilization;
0-:01% w/v resazurin solution, 1 ml; general
vitamin solution, 10 ml added after sterilization;
trace element solution, 10 ml. The trace
element solution contained (g/1): nitrilotriacetic
acid, 12-8; FeSO,.7H,0, 0-1; MnCl,.4H,0,
0-1; CoCl,.2H,0, 0-17; Ca(Cl,.2H,0, 01,
ZnCl,, 01; CuCl,, 001; H,BO,, 001,
NaMoQO,.2H,0, 0-01; NaCl, 1-0; NaSeO,,
0-017; NiSO,.6H,0, 0-026; NawO0,.2H,0,
0-1. The general vitamin solution, which was
sterilized by filtration, contained (mg/l): biotin,
2; folic acid, 2; pyridoxamine HCI, 10; thiamine
HCY, 5; riboflavin HC], 5; nicotinic acid, 5; pan-
tothenic acid, 5; cyanocobalamin, 1; p-amino
benzoic acid (PABA), 5; lipoic acid, 5. A simple
vitamin solution, which was sterilized by auto-
claving (121°C for 15 min), was also used, and
contained the following (mg/l): thiamine HC],
50; biotin, 5; PABA, 5; nicotinic acid, 500. The
high nicotinic acid concentration maintained
the pH at a low value and served to stabilize the
thiamine to autoclaving. Where used, 1 ml of
the simple vitamin solution was added to each
litre of medium. The medium pH was adjusted
to 7-0 before autoclaving; after the addition of
the bicarbonate solution the pH was approx.
7-5. After all supplements were added, 5% w/v
cysteine HCl (pH 6) was added until reduction
was effected (as judged by the discolouration of
the resazurin); this required ca 5-10 ml/l
medium.

Standard amino acid complete (SACC)
medium was LPBM with the addition of the
following L-amino acids to a final concentration
of 1 mmol/l each: glycine, valine, leucine, iso-
leucine, methionine, histidine, arginine, phenyla-
lanine, tyrosine and tryptophan. Amino acid
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complete (MACC) medium was LPBM supple-
mented with 3 mmol/l glycine, 2 mmol/l each of
valine, isoleucine and arginine, 1 mmol/l each of
leucine, histidine, methionine, phenylalanine
and tryptophan and 0:125 mmol/l tyrosine.
Essential amino acid/fatty acid (EAA/FA)
medium was the same as MACC medium
except that leucine, isoleucine and valine were
replaced by 1 mmol/l each of 2-methyl propi-
onic acid, 3-methyl butyric acid and 2-methyl
butyric acid. Amino acids (except for 50 mmol/l
tryptophan, which was filter-sterilized) were
made up as a concentrated solution and steril-
ized by autoclaving. Neutralized fatty acids
were made up as 40 mmol/! solutions and steril-
ized by autoclaving; yeast extract and tryptone
were 10% w/v solutions. L-proline and glucose
solutions (20% w/v) were sterilized separately
and added to the appropriate concentrations.

CULTIVATION OF ORGANISMS

Organisms were grown in pressure tubes
(Bellco, Vineland, NIJ) containing 10 ml
medium. The medium (LPBM) was dispensed
anaerobically into the pressure tubes with a
headspace of ‘oxygen-free’ (<4 ppm) nitrogen.
The tubes were autoclaved and the other com-
ponents added aseptically. Pre-reduced tubes
were inoculated with 0-2 ml of culture with a
syringe and incubated at 37°C without shaking.
Larger volumes were cultured in 21 Buchner
flasks sealed with a rubber bung and fitted with
a sample port, bladder and gas filters to allow
flushing and evacuation of the flask headspace.
The flasks, containing 1 or 1-5 1 of medium,
were autoclaved (121°C for 15 minj and after
cooling, sterile supplements were added and the
headspace was filled with N,/CO, (95:5 v/v).
Finally, the medium was pre-reduced with
cysteine and inoculated with S5ml of a 15h
pressure tube culture. Cultures were grown to
mid-to-late log phase (0-4 g dry wt/l, ca 12-14 h
after inoculation) and were harvested and
washed with anaerobic buffer consisting of 50
mmol/l potassium phosphate buffer pH 7-0. The
cells were resuspended in this buffer and stored
anaerobically on ice.

ESTIMATION OF GROWTH

Growth was estimated by the measurement of
optical density at 680 nm within the pressure

tubes (1-8 cm path length). With this path
length, 1 O.D. unit corresponded to 230 mg dry
weight/l. For growth in flasks, samples were
taken and read in cuvettes.

BIOTRANSFORMATIONS BY WASHED CELL
SUSPENSIONS

Biotransformations were performed in 50 ml
Wheaton bottles (Phase Separations,
Queensferry) containing 10 ml of the anaerobic
buffer referred to above plus 0-1% w/v cysteine
HCI, cells (2-3 mg dry weight) and other com-
ponents given in the legends to the tables, under
a headspace of N, or N,~H,. Bottles were incu-
bated in a gyrotary waterbath at 37°C. Gas and
liquid samples were taken over a 2 h period
with syringes, and liquid samples were acidified
and stored frozen until analysed for glucose
consumption and isobutyrate formation.

ESTIMATION OF FERMENTATION PRODUCTS

Gases and fatty acids were estimated using gas
chromatography (Gottschal & Morris 1981),
except that for the latter n-butanol or pentan-3-
one were employed as internal standards.
Glucose was estimated using a Sigma enzyme
kit no. 510.

Results

AMINO ACID AND VITAMIN REQUIREMENTS

The first step in this study was to establish
which (L-) amino acids were required for the
growth of Cl. sporogenes NCIB 8053 for reasons
independent of their role in the Stickland reac-
tion. For this purpose we used a defined
medium capable of supporting good growth,
containing glucose (22 mmol/l) as a source of
carbon and electrons plus proline (45 mmol/l) as
electron acceptor, and to which were added a
general vitamin solution (see Materials and
Methods) and various amino acids. By a series
of pool experiments it was established that only
10 amino acids were required. By using thiogly-
collate as a reducing agent it was established
that cysteine was not required. Similarly proline,
although stimulating growth considerably (and
see later), was not an essential amino acid. As
there is considerable variability in the amino



Table 3. The effect of dilution rate on the fermentation of glucose by Clostridium sporogenes in glucose-limited chemostat culture*

Recovery of

Fermentation products} glucose
D Biomass Qglucose Y.t ATP,, carbon
(/h) (g/1) (mmol/(g h)) (g/mol) (mol/mol) Formate Acetate Ethanol Butyrate Butanol co, (%)
0-095 0-262 2-43 39-1 3-7 018 10-1 0-42 1-94 0-56 153 114
3) (150 (6) (29) ®)
0-133 0-268 332 400 36 031 10-2 013 077 0-29 125 93
(5) (152) ) (12) (4)
0-163 0-307 3-55 45-8 38 031 11-0 0-31 1-06 0-44 14-0 102
(5) (160) ) (15) (6)
0-200 0-323 4-15 48-2 36 0-36 9-8 0-27 0-90 0-35 12-2 94
{5) (146) 4) (13) (5
0-225 0-329 4-58 49-1 38 037 10-7 0-45 1-32 0-55 i4:5 1
(5) (159) ) (20) @)
0-246 0-339 4-86 50-6 3-8 0-50 11-1 0-36 0-86 0-33 13-3 103
(7 (166) (5) (12) (5)
0-270 0-342 529 510 36 0-81 9-8 051 0-72 0-26 11-5 92
Mean 3-7 (12) (146) 7 (n 4)

* The experiments were performed in a chemostat with a total volume of 480 ml. The organisms were grown at pH 7-0, at 37°C in EAA medium
containing 67 mmol/l glucose and the medium was gassed with CO, . End products were determined as described in Materials and Methods, except that
CO, was assessed from the other products and the known patterns of their production.

T Y, Specific yield of biomass, i.e. g dry wt of cells produced per mol glucose utilized.

1 Values are given in mmol/ and, in parentheses, as mmol/l/100 mmol/i glucose utilized.
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Table 2. Fatty acid replacements of amino acids required for the
growth of Clostridium sporogenes NCIB 8053 in amino acid complete

(MACC) medium
Growth (O.D.230™
Amino acid Fatty acid analogue No fatty Plus fatty

omitted provided acid acid
Phenylalanine Phenyl acetic 0-15 0-51
Tyrosine Hydroxyphenylacetic 0-05 0-05
Tryptophan Indole acetic 0-05 0-05
Valine 2-methyl propionic 0-02 i-50
Leucine 3-methyl butyric 0-02 2-00
Isoleucine 2-methyl butyric 0-03 1-50
Histidine Imidazole 4 acetic 0-05 0-05
Arginine Guanidobutyric 0-05 0-05
Glycine Formic 0-05 0-05

Cultures were grown on MACC medium without the respective
amino acid; for each condition organisms were grown in medium
limited for the amino acid and then subcultured into the test medium
and incubated anaerobically at 37°C for 24 h. Each subculture was
made in duplicate and the results were averaged. Fatty acids were
added at a concentration of 1 mmol/L

growth experiments were performed in which
each of the required amino acids in MACC
medium was replaced by a 1 mmol/! supplement
of the relevant fatty or L-a-hydroxy acid ana-
logue. Cultures were inoculated from amino
acid-limited batch cultures of the types used in
Fig. 1. Table ! shows that the relevant L-o-
hydroxy acids could be used to replace all the
amino acids required for growth except methi-
onine (for which the appropriate analogue was
unavailable) and glycine. Similar experiments

Table 3. Effect of fatty acid concentration in essential
amino acid/fatty acid (EAA/FA) medium on the rate
and extent of growth of Clostridium sporogenes NCIB

8053
Fatty acid Specific
concentration Biomass growth rate
(mol/l (each)) (O.D.L3 ™) (per h)
0 0-07 0

50 0-37 0-12

100 0-70 0-13

150 0-98 020

200 1-20 0-29

400 1-40 0-42

1000 1-40 0-46

2000 1-40 0-48

The fatty acid solution contained three fatty acids:
isobutyrate, isovalerate and 2-methyl butyrate in
equal amounts. Organisms were grown in pressure
tubes in EAA/FA medium with the fatty acids at the
specified concentrations. A portion (0-2 ml) of a 16 h
culture on EAA/FA medium was used as the inocu-
lum.

were also performed with fatty acids, and the
results are displayed in Table 2. Here valine,
leucine, isoleucine and phenylalanine could be
replaced with the relevant fatty acid analogues,
although both growth yield and growth rate
were significantly decreased when phenylacetate
was used to replace phenylalanine (Tables 2 and
5). The effect of the concentration of the other
three analogues on the growth of Cl. sporogenes
is shown in Table 3, wherein it may be seen that
1 mmol/l concentrations gave maximum growth
rates. It may be mentioned that the requirement
for leucine, valine and isoleucine could not be
satisfied by the relevant fatty acid analogues in
which the carboxyl group was replaced by an
amino or hydroxy group. Thus the defined
medium designated essential amino acid/fatty
acid (EAA/FA) was developed.

A REQUIREMENT FOR ACETATE WHEN
Clostridium sporogenes 1S GROWN ON
STICKLAND COUPLES

Attempts to grow the organisms on the Stick-
land couple valine/proline in EAA/FA were
unsuccessful, due, it was assumed, to a require-
ment for carbon skeletons which this organism
was unable to satisfy under these conditions. It
was further assumed that such a requirement
might be satisfied by the inclusion of acetate in
the medium, which, via reductive carboxylation
to pyruvate and thence via recognized path-
ways, could serve to generate the 3-, 4- and
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Fig. 2. The influence of acetate concentration on the
growth of Clostridium sporogenes on valine-proline
essential amino acid/fatty acid medium. Organisms
were grown in pressure tubes and incubated anaero-
bically at 37°C for 48 h.

6-carbon skeletons normally derived from
glucose. This was indeed found to be the case,
and the organism was shown to have a require-
ment for acetate when the source of {ree energy
for growth was a Stickland couple consisting of
leucine, isoleucine or valine as electron donor
and proline as electron acceptor; Fig. 2 demon-
strates that growth was directly proportional to
acetate concentration in EAA/FA medium for
the valine/proline system.

ENERGY SOURCES AND THE EFFECTS OF
PROLINE

The influence of L-proline on the fermentation
of various carbon and energy sources is shown
in Table 4. Whilst the organism utilized the
sugars reported by Smith & Hobbs (1974) the
efficiency of growth was somewhat variable. The
organism was capable of good growth on sorbi-
tol, sucrose and malitose, could ferment glycerol
and lactate to a certain extent but could not use
pyruvate. Growth was considerably increased in
the presence of proline, however (and see Lovitt
et al. 1987), especially with glycerol. Of the
various amino acids tested, serine and, to a
lesser extent, valine, leucine and isoleucine, were
the only amino acids which could be fermented
in the absence of proline. When proline was

Table 4. Effect of L-proline on the growth of Clostrid-
ium sporogenes NCIB 8053 on various carbon sources

Growth (O.D..35m

No C No Plus
Carbon source source proline proline

Pyruvate 0-06 0-06 0-06
Lactate 0-06 022 0-51
Glycerol 0-06 0-30 2-00
Glucose 0-05 0-07 1-50
Sorbitol 005 NT 0-56
Sucrose 0-05 NT 0-56
Maltose 0-05 NT 0-20
Serine 0-05 052 1-20
Valine 005 025 1-10
Leucine 0-04 015 1-10
Isoleucine 0-03 014 0-98
Norleucine 0-08 NT 0-50
Norvaline 0-06 NT 0-48
y-amino butyrate 0-05 0-05 0-05

The tubes contained essential amino acid/fatty acid
{EAA/FA) medium which was inoculated with 0-25
ml of a culture from EAA/FA-glucose medium and
then incubated anaerobically at 37°C for 48 h.
Carbon sources were added to a final concentration
of 20 mmol/l and L-proline to a concentration of
45 mmol/1.

NT, Not tested.

present, norleucine (2-amino hexanoate) and
norvaline (2-amino valerate) could also serve as
energy sources. Thus the substrate range of this
organism can be significantly enhanced by the
addition of proline (and other electron
acceptors), a point which is of some taxonomic
and ecological significance. D-proline could also
serve as electron acceptor, and is actually the
substrate of proline reductase; however, these
organisms contain an active proline racemase
which, together with the D-proline reductase,
serves to reduce either D- or L-proline to
5-amino pentanoic acid. Growth could not be
supported by glutamate, aspartate, histidine,
threonine, arginine, lysine, tryptophan, phenyla-
lanine or methionine, whether proline was
present or not.

Table 5 shows the growth rate and growth
yield of this organism in a variety of minimal,
defined and complex media. It may first be men-
tioned that a certain amount of adaptation to
these various energy sources is required, in that
at least two subcultures were required to obtain
cultures which manifested the growth rates and
growth yields given. It is of particular interest
that glycine appears to exert only a marginal
stimulation of growth when compared with
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Table 5. Extent and rate of growth of Clostridium sporogenes NCIB 8053 on defined
and complex media

Medium Final O.D..3™ Final pH Doubling time (h)
Complex
TYE 1-10 7-15 1-04
TYE/glucose 1-50 614 0-83
TYE/Pro 1-50 6-90 0-99
Defined
MACC 0-35 7-24 422
MACC/glucose 070 6-54 2-55
MACC/glucose/Pro 1-50 5-29 1-28
EAA/FA/glucose/Pro 0-80 5-41 425
— Phe + phenylacetate
EAA/FA/glucose/Pro 1-50 5-35 135
EAA/FA/glucose/Orn 1-10 612 1-75
EAA/FA/glucose/Phe 1-70 575 1-60
EAA/FA/glucose/Gly 0-64 6-35 210
EAA/FA/glucose 0-66 635 201
EAA/FA/valine/Pro 1-10 682 1-78
EAA/FA/valine/Orn 0-68 672 2-92
EAA/FA/valine/Phe 0-68 6-84 310
EAA/FA/valine/Gly 0-40 6-88 3-40
EAA/FA/valine 025 691 311
EAA/FA/leucine/Pro 1-10 ND ND
EAA/FA/leucine/Gly 032 ND ND
EAA/FA/leucine 027 ND ND
EAA/FA/isoleucine/Pro 098 ND ND
EAA/FA/isoleucine/Gly 0-30 ND ND
EAA/FA/isoleucine 0-27 ND ND

Organisms were grown at 37°C in unshaken sealed tubes containing 10 ml of culture
medium. Growth curves were obtained by observing the change in O.D. with time,
measurements being taken directly from the tubes (18 mm light path) at 680 nm. Values
given are the means of triplicates.

The electron donors gilucose (27 mmol/l), valine (20 mmol/l), leucine (20 mmol/lj and
isoleucine (20 mmol/l) were present at the concentrations indicated, whilst proline (Pro)
and other electron acceptors (ornithine (Orn), phenylalanine (Phe), glycine (Gly)) addi-
tions were to 45 mmol/l final concentrations.

TYE, LPBM + 1% tryptone and 0-3% yeast extract; MACC medium, amino acid
complete; EAA/FA, essential amino acids (as MACC medium but valine was replaced
by 1 mmol/l isobutyrate, leucine by 1 mmol/l isovalerate and isoleucine by 1 mmol/l
2-methyl butyrate). For further details see text.

ND, Not determined.

A COMPARISON OF Clostridium sporogenes
STRAINS ON MACC MEDIUM

proline, phenylalanine or ornithine as the elec-
tron acceptor in a Stickland or ‘mixed Stick-
land’ (carbohydrate as electron donor) couple.

Despite the poor growth, however, analysis of
the culture media indicated that the addition of
glycine did stimulate the formation of iso-
butyrate (from valine), 3-methyl butyrate (from
leucine) and 2-methyl butyrate (from isoleucine),
and this phenomenon was studied further as
outlined below. The following compounds did
not serve as electron acceptors: betaine, argin-
ine, nitrate, thiosulphate, sulphite, sulphate or
fumarate.

It was observed that all strains of CI. sporogenes
tested were able to grow on the MACC
medium, although qualitative differences in the
pattern of sugar utilization were observed as
shown in Table 7. The major end products of
glucose dissimilation when proline was present
were acetate and ethanol (Table 7). It may be
mentioned that, as discussed also by Princewill
(1978), the different colony morphologies of
these strains on rich medium could be
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Table 6. Comparison of the growth of three strains of Clostridium sporogenes on amino acid com-

plete (MACC) medium
Growth O.D. 3mm
NCIB strain
8053 532 10697

Requirement for complete MACC medium + + +
Carbohydrate utilized

Glucose 095 0-78 0-74

Sorbitol 0-56 0-42 0-20

Salicin 0-56 0-08 0-05

Sucrose 035 017 012

Lactate 075 0-16 0-13

Maltose 020 0-48 0-48

Glycerol 0-70 0-88 0-72
End products (mmolil) from glucose (27 mmol/l) after 24 h

Acetate 20 22 25

Ethanol 25 26 23

Butyrate Trace Trace Trace

Butanol - - —

Organisms were grown as described in the text, where further details are given.

Table 7. Stickland reactions undertaken by washed suspensions of Clostridium sporogenes
NCIB 8053 grown under various conditions

Rate of substrate
consumption or product formation
(nmol/min/mg dry wt)

Glucose/proline Valine/proline Complex medium
grown cells grown cells grown cells

Valine consumption

Valine 2 9 4

Valine + glycine 4 33 23

Valine + proline 11s 118 35
Glucose consumption

Glucose 18 ND ND

Glucose + glycine 16 ND ND

Glucose + proline 78 ND ND
Hydrogen consumption

Hydrogen + glycine ND ND ND

Hydrogen + proline ND ND ND

H, (CO,) H, (CO,) H, (CO,)

Hydrogen and carbon dioxide production

Valine 038 ND 278 ND 0-54 +

Valine + glycine ND + ND + ND +

Valine + proline 044 + 318 + 1-68 +

Glucose 0-38 + ND ND ND +

Glucose + glycine 0-66 + ND ND ND +

Glucose + proline 0-38 + ND ND ND +

Organisms were grown in the media described to mid/late exponential phase of culture
growth. They were then harvested, washed twice with phosphate buffer pH 7-0 and trans-
ferred to a 50 mi bottle containing 10 m! reduced phosphate buffer plus substrates under a
nitrogen gas phase. The suspension was incubated for 2 h at 37°C. Samples were taken
periodically and the rates of substrate consumption and product formation were determined.
Added substrates were glucose (10 mmol/l), valine (37 mmol/l), glycine (133 mmol/l) and
proline {86 mmoi/I).

ND, Not detectable.
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correlated with their ability to ultilize maltose in
that whilst strains 532 and 10697 formed rough
rhizoid colonies on RCM, strain 8053 gave
smooth colonies with slightly irregular margins.

THE STICKLAND REACTION IN WASHED
CELL SUSPENSIONS OF Clostridium
sporogenes NCIB 8053 GROWN ON
VARIOUS DEFINED MEDIA

Observations made by others (Stickland 1935a;
Woods 1936; Mamelak & Quastel 1953; Venu-
gopalan 1980) have noted that cell suspensions
of Cl. sporogenes are capable of reducing glycine
(to acetate and ammonia). However, we found
that little or no growth stimulation was
obtained when glycine was used as electron
acceptor. Thus an experiment was designed to
determine the influence of the growth substrate
on the rates of glucose and amino acid trans-
formations by washed cells, with a view both to
confirming the earlier observations and to
checking the ability or otherwise of our strain to
transform glycine. The results of this study are
given in Table 7. It may be seen that glucose
dissimilation was not observed in cells which
had not been grown on this substrate and that
glucose or valine grown cells had a much
decreased ability to reduce glycine as compared
with proline. The ability of these different types
of cells to produce hydrogen followed a similar
pattern. In contrast to some strains
(Hoogerheide & Kocholaty 1938; Bader &
Simon 1983), our strain did not consume hydro-
gen when presented with an electron acceptor
(Table 7). Thus a significant rate limitation to
balanced growth appeared to be associated with
the re-oxidation of reducing equivalents produc-
ed by the oxidation of glucose or donor amino
acids.

Discussion

We have developed a defined medium for the
growth of Cl. sporogenes NCIB 8053, with a
view to defining in more quantitative terms than
heretofore its requirements for carbon and
energy sources and for vitamins and amino acid
supplements. We found that 10 amino acids
were essential for growth, a number typical of
those previously published (Campbell & Frank
1967; Gottschalk et al. 1981; Belokopytov et al.
1982). The problem of amino acid synthesis in
this organism is apparently that of generating

appropriate carbon skeletons, presumably via
keto acids (Golovchenko et al. 1983). Branched
chain amino acids may be replaced by the fatty
acid analogues, which may be transformed to
the appropriate keto acid by reductive carbox-
ylation (Buchanan 1972; Monticello & Costilow
1982; Monticello et al. 1984), although the inter-
changeability of amino acids noted by these
workers was not observed. An interesting obser-
vation was the ability of hydroxy acids to fulfill
most of the requirements of this organism for
amino acids. Together, these observations imply
that the organisms have a general L-a-hydroxy
acid dehydrogenase and transaminase(s), as has
been suggested by the work of Bader et al
(1982}, O'Neil & DeMoss (1968) and of Jean &
DeMoss (1968), respectively.

By the use of the present defined medium, we
were able to demonstrate clearly the extent to
which this organism can use the Stickland reac-
tion to derive the free energy required for
growth. It was of particular interest that glycine
was a very poor substitute for proline as an
electron acceptor for growth. This is not due,
for instance, to a lack of selenium (Turner &
Stadtman 1973; Costilow 1977), since adequate
amounts were present in the medium and doub-
ling its concentration was without effect (results
not shown). A comparison of the growth rates
of this organism on various substrates indicated
the importance of maintaining an appropriate
redox balance. Studies with washed cell suspen-
sions showed that their ability to reduce exoge-
nous glycine was significantly less than their
capacity to reduce proline, a phenomenon
which would simply account for the inability of
this strain to grown on glycine as a Stickland
acceptor. More quantitative studies unavoid-
ably require the assessment of fermentation end
products and growth in chemostat culture. Such
studies are described in an accompanying
article.

We thank the Biotechnology Directorate of the
Science and Engineering Research Council, UK,
for financial support, and Jane Watts for typing
the manuscript.
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